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Functionalization  step  is  generally  prerequisite  to  immobilize  metal  nanoparticles  on  multi-walled  car¬ 
bon  nanotubes  (MWCNTs)  for  production  of  a  high  efficient  electrocatalyst.  We  herein  report  a  novel 
method  to  functionalize  MWCNTs  with  1,10-phenanthroline  (phen-MWCNTs)  as  a  catalyst  support  for 
Pd  nanoparticles.  Raman  spectroscopic  analysis  results  reveal  that  this  phen  functionalization  method 
can  preserve  the  integrity  and  electronic  structure  of  MWCNTs  and  provide  the  highly  effective  func¬ 
tional  groups  on  the  surface  for  Pd  nanoparticles.  According  to  the  transmission  electron  microscopy 
(TEM)  measurements,  the  as-prepared  Pd  nanop  articles  are  evenly  deposited  on  the  surface  of  the  phen- 
MWCNTs  without  obvious  agglomeration,  and  the  average  particle  size  of  the  Pd  nanoparticles  is  2.3  nm. 
Electrochemical  measurements  demonstrate  that  the  as-prepared  Pd/phen-MWCNTs  catalyst  has  a  bet¬ 
ter  electrocatalytic  activity  and  stability  for  the  oxidation  of  formic  acid  than  Pd  catalyst  on  acid-treated 
MWCNTs.  It  is  concluded  that  the  as-prepared  Pd/phen-MWCNTs  would  be  a  potential  candidate  as  an 
anode  electrocatalyst  in  direct  formic  acid  fuel  cell  (DFAFC). 
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1.  Introduction 

Direct  formic  acid  fuel  cell  (DFAFC)  is  considered  to  be  a  promis¬ 
ing  system  for  automotive  and  portable  electronic  applications 
owing  to  its  high  energy  density  and  low  operating  temperature 
[1-3].  DFAFC  has  advantages  over  the  direct  methanol  fuel  cell 
because  it  can  achieve  a  higher  power  density  and  formic  acid 
is  nontoxic,  although  the  energy  density  of  methanol  is  higher 
than  that  of  formic  acid  [4,5].  However,  the  commercial  applica¬ 
tion  of  the  DFAFC  is  still  hindered  by  several  issues  including  its 
insufficient  activity  and  high  cost  of  anode  catalysts  [6,7].  To  solve 
these  problems,  tremendous  efforts  have  been  made  to  find  cata¬ 
lysts  with  high  activity,  stability,  and  low  cost.  Recently,  Pd  and  Pd 
derivatized-catalysts  have  been  shown  to  perform  better  in  formic 
acid  oxidation  than  Pt  derivatized-catalysts  [8,9].  Meanwhile,  the 
ideal  support  with  large  surface  area,  good  conductivity  and  strong 
adsorption  of  metals  shows  the  ability  to  improve  the  dispersion  of 
metal  nanoparticles,  and  thereby  can  enhance  the  utilization  and 
efficiency  of  the  noble  metal  electrocatalysts  [10,1 1  ]. 
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Because  of  the  significant  influence  of  the  support  on  the  dis¬ 
persion  and  size  of  catalyst  nanoparticles  and  thereby  the  catalytic 
activity  and  stability  of  the  catalysts,  the  choice  of  a  suitable 
support  is  one  of  the  key  factors  affecting  the  performance  of 
the  catalysts  [12,13].  In  this  regard,  multi-walled  carbon  nan¬ 
otubes  (MWCNTs)  are  considered  to  be  the  ideal  electrocatalyst 
support  because  they  possess  a  large  surface  area,  good  ther¬ 
mal  and  chemical  stability  as  well  as  great  electrical  conductivity 
[14].  However,  the  anchored  metal  nanoparticles  tend  to  aggre¬ 
gate  together,  and  lead  to  reduction  in  electrochemically  active 
surface  areas  (EAS)  due  to  the  inefficient  binding  sites  on  the 
pristine  MWCNTs  surface  for  anchoring  precursor  metal  ions  or 
metal  nanoparticles.  Therefore,  functionalization  of  MWCNTs  is 
generally  prerequisite  for  further  applications  [15].  Although  the 
acid-oxidized  (AO)  process  is  frequently  used,  it  is  too  complex 
and  may  even  impair  the  mechanical  properties  of  MWCNTs  [16]. 
Recently,  some  alternative  effective  methods  have  been  developed 
to  functionalize  MWCNTs  [17].  For  example,  1-aminopyrene  and 
ionic-liquid  polymer  has  been  used  to  functionalize  the  MWCNTs 
by  introducing  the  functional  groups  onto  the  surface  of  MWCNTs 
[18,19].  However,  it  is  still  a  great  challenge  to  control  the  depo¬ 
sition,  distribution,  and  size  of  metal  nanoparticles  supported  on 
MWCNTs. 
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Nitrogen  doping  onto  the  support  can  effectively  increase  the 
active  sites  of  the  electrocatalysts.  With  the  introduction  of  the 
nitrogen,  Pd  nanoparticles  can  be  homogeneously  anchored  onto 
the  support,  leading  to  the  generation  of  MeNx  (Me  Co,  Fe) 
active  sites  and  thereby  enhancing  the  electrocatalytic  activity 
and  utilization  efficiency  of  the  catalyst.  We  have  previously  pre¬ 
pared  a  Pd/PPy-XC-72  catalyst  with  hollow  nanospheric  Pd  being 
entrapped  into  the  structure  of  PPy  via  a  very  simple  chemical 
reduction  method  [20]. 

In  the  present  study,  1,10-phenanthroline  (phen)  with  N  atom 
is  used  as  a  functionalization  reagent  for  MWCNTs  to  prepare  a  Pd 
electrocatalyst  through  a  facile  process  at  room  temperature.  The 
results  show  that  the  phen-MWCNTs  demonstrate  to  be  a  good 
support  for  the  electrocatalyst  with  smaller  particle  size  and  better 
dispersion.  Compared  with  the  AO-MWCNTs,  the  phen-MWCNTs 
possess  a  structure  of  supramolecular  tt-tt  stacking,  which  is  able 
to  preserve  the  integrity  and  the  electronic  structure  of  the  MWC¬ 
NTs.  Most  important  is  that  the  presence  of  N  atoms  in  phen  makes 
the  Pd  nanoparticles  homogeneously  anchored  onto  the  phen- 
MWCNTs,  produce  some  active  Me-N  sites,  and  generate  a  good 
electrocatalytic  activity  and  stability  for  the  formic  acid  oxidation. 

2.  Experimental 

2.1.  Phen-functionalization  and  acid- treatment  of  MWCNTs 

MWCNTs  was  noncovalently  functionalized  with  phen.  In  brief, 
200  mg  pristine  MWCNTs  were  sonicated  in  lOOmL  ethanol  con¬ 
taining  50  mg  phen  for  1  h  and  stored  at  room  temperature 
overnight.  Subsequently,  the  as-functionalized  MWCNTs  were  col¬ 
lected  by  filtration  and  washed  several  times,  then  dried  at  40  °C 
under  vacuum  for  12  h.  The  as-functionalized  MWCNTs  with  phen 
were  denoted  as  phen-MWCNTs.  As  a  comparison,  MWCNTs  were 
also  functionalized  by  a  conventional  acid  treatment.  Briefly,  MWC¬ 
NTs  were  pretreated  in  boiled  mixed  acid  solution  (H2S04:HN03 
in  1:1,  v/v  ratio)  for  8h,  then  washed  with  double  distilled  water 
(DD  water)  and  dried  at  40  °C  under  vacuum  for  1 2  h.  The  resultant 
acid-treated  MWCNTs  were  denoted  as  AO-MWCNTs. 

2.2.  Synthesis  of  Pd/MWCNTs  electrocatalyst 

To  deposit  the  Pd  nanoparticles  on  phen-MWCNTs,  40  mg  pre¬ 
treated  MWCNTs  were  added  into  100  mL  ethanol-water  (1 :1,  v/v) 
solution,  and  ultrasonically  treated  for  30  min.  Subsequently,  PdCl2 
(10  mg  Pd  in  5mL  DD  H20)  aqueous  solution  was  added  into  the 
system  and  the  pH  was  adjusted  to  10  using  0.5  M  NaOH  solution 
under  moderate  stirring  for  2  h,  then  stored  at  room  temperature 
overnight.  A  freshly  prepared  KBH4  solution  ( 1 00  mg  in  1 00  mL  DD 
water)  was  added  dropwise  into  the  above  solution  under  moder¬ 
ate  stirring  for  2  h,  and  then  the  stirring  was  continued  for  another 
1 0  h  to  make  sure  the  completely  reduction  of  Pd2+.  The  whole  pro¬ 
cess  was  operated  at  room  temperature.  Finally,  the  product  was 
collected  by  filtration  and  washed  several  times,  then  dried  at  40  °C 
under  vacuum  for  12  h,  and  Pd/phen-MWCNTs  electrocatalyst  was 
obtained. 

For  a  comparison,  Pd  electrocatalysts  on  acid-treated  MWCNTs 
(Pd/AO-MWCNTs)  were  also  prepared  using  similar  procedures  as 
described  above. 

2.3.  Characterization  of  Pd/MWCNTs  electrocatalyst 

The  morphology  of  the  catalysts  was  determined  by  JEOL-1 00CX 
high  resolution  transmission  electron  microscopy  (HR-TEM)  oper¬ 
ated  at  200  kV.  Samples  were  ultrasonicated  and  dispersed  in 
ethanol.  A  drop  of  the  suspension  was  then  deposited  on  a  lacey 
carbon  grid  and  dried  in  air.  Thermogravimetric  analysis  (TGA)  was 


performed  on  a  NETZSCH  STA  449C.  Powder  X-ray  diffraction  (XRD) 
pattern  was  recorded  on  D/max-2200/PC  X-ray  diffractometer  with 
Cu  Ka  radiation  source.  The  surface  structure  of  the  MWCNTs 
was  examined  by  Raman  spectroscopy  (Renishaw  Rm-1000),  using 
He/Ne  laser  with  a  wavelength  of  457.5  nm. 

2.4.  Electrochemical  behavior  of  Pd/MWCNTs  electrocatalyst 

Cyclic  voltammetry  measurements  were  carried  out  in  a  three- 
electrode  cell  by  using  Solartron  1287  electrochemical  test  system 
(Solartron  Analytical,  England).  A  glassy  carbon  disk  (3  mm  o.d.) 
coated  with  catalyst  was  used  as  the  working  electrode,  a  platinum 
foil  (1  cm-2)  as  the  counter-electrode,  and  an  Ag/AgCl  electrode  as 
the  reference.  The  metal  loading  of  the  as-prepared  catalysts  on 
glassy  carbon  electrode  is  386  p,g  cm-2. 0.5  M  H2S04  aqueous  solu¬ 
tion  was  used  as  electrolyte  for  hydrogen  oxidation  measurements, 
and  0.5  M  HCOOH  containing  0.5  M  H2S04  for  formic  acid  oxidation 
measurements,  respectively.  High-purity  N2  was  bubbled  into  the 
electrolyte  during  the  experiments.  All  electrochemical  measure¬ 
ments  were  performed  at  25  ±  1  °C. 

Electrochemical  CO  stripping  voltammograms  were  obtained 
by  oxidizing  preadsorbed  CO  (COad)  in  0.5  M  H2S04  at  a  scan 
rate  of  20  mV  s-1 .  CO  was  purged  through  0.5  M  H2S04  for  30  min 
to  allow  complete  adsorption  of  CO  onto  the  catalyst.  The  work¬ 
ing  electrode  was  stayed  at  0.1  V  (vs.  Ag/AgCl),  and  excess  CO  in 
the  electrolyte  was  removed  by  purging  with  high-purity  N2  for 
30  min.  The  amount  of  COad  was  evaluated  by  integrating  the  COad 
stripping  peak  and  correcting  for  the  capacitance  of  the  electric 
double-layer.  The  activity  of  the  catalysts  in  the  oxidation  of  formic 
acid  was  evaluated  in  a  solution  containing  0.5  M  H2S04  and  0.5  M 
HCOOH,  and  cyclic  voltammetry  measurement  was  performed  by 
applying  a  linear  potential  scan  at  a  sweep  rate  of  50  mV  s-1. 

3.  Results  and  discussion 

In  this  work,  Pd  nanoparticles  supported  on  phen-MWCNTs 
were  prepared  through  a  facile  process  at  room  temperature.  The 
formation  mechanism  of  Pd/phen-MWCNTs  electrocatalyst  may  be 
as  follows  (Scheme  1).  Firstly,  1,10-phenanthroline  could  form  an 
adsorption  layer  on  the  surface  of  the  MWCNTs  by  supramolec¬ 
ular  tt— tt  stacking.  Secondly,  Pd2+  was  added  into  the  system  to 
coordinate  with  phen.  Thirdly,  the  Pd2+  was  in  situ  reduced  to  Pd 
nanoparticles,  at  the  same  time,  the  active  Pd-N  sites  could  be 
formed.  Herein,  the  stabilizing  effect  of  the  phen  may  be  attributed 
to  its  bifunctional  features,  which  can  act  as  an  interlinker  between 
the  surface  of  the  MWCNTs  and  the  nanoparticles.  On  the  one  hand, 
the  aryl  on  the  one  terminal  maybe  noncovalently  interact  with  the 
six-membered  carbon  rings  of  the  MWCNTs  by  tt-tt  stacking.  On 
the  other  hand,  the  C-N  groups  on  the  other  terminal  maybe  adsorb 
Pd2+  via  electrostatic  interactions,  followed  by  the  in  situ  formation 
of  the  corresponding  nanoparticles  on  the  MWCNTs  [17]. 

Fig.  1  shows  the  transmission  electron  microscopy  (TEM)  images 
and  the  size  frequency  curve  of  the  resulting  sample  from  the  typi- 


Scheme  1.  The  formation  mechanism  of  the  Pd/phen-MWCNTs  catalyst. 
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Fig.  1.  TEM  images  and  corresponding  size  distribution  of  the  synthesized  Pd/phen-MWCNTs  catalysts. 


cal  experiment.  From  Fig.  la,  Pd  nanoparticles  with  a  small  particle 
size  are  evenly  deposited  on  the  surface  of  the  phen-MWCNTs.  The 
nanoparticles  diameters  from  the  amplificatory  TEM  image  (Fig.  lb) 
range  from  1.4  to  3.6  nm  and  the  mean  size  calculated  by  the  log¬ 
normal  distribution  is  2.3  nm  (Fig.  lc).  To  investigate  the  influence 
of  the  functionalization  methods  of  the  MWCNTs  on  the  formation 
of  Pd  nanoparticles,  a  control  experiment  was  carried  out  under 
the  same  conditions  described  as  the  typical  experiment,  apart 
from  the  AO-MWCNTs  as  the  support.  Fig.  2  shows  the  TEM  image 
and  the  size  frequency  curve  of  the  Pd  nanoparticles  supported  on 
the  AO-MWCNTs.  From  Fig.  2a,  Pd  nanoparticles  poorly  distribute 
and  larger  than  those  on  the  phen-MWCNTs.  It  is  likely  due  to  the 
ununiform  defects  generated  on  the  surface  of  the  MWCNTs  by  the 
AO  treatment.  When  Pd  nanoparticles  are  deposited  on  the  AO- 
MWCNTs,  the  particles  tend  to  deposit  on  these  localized  defect 
sites,  leading  to  the  poor  dispersion  and  extensive  aggregation.  In 
contrast,  immobilization  of  phen  on  the  surface  of  the  MWCNTs 
produce  the  uniform  distribution  of  the  C-N  sites,  which  can  serve 
as  the  functional  groups  for  the  self-assembly  of  Pd  precursors 
on  the  surface  of  the  MWCNTs.  Therefore,  Pd  nanoparticles  with 
a  much  more  uniform  size  and  distribution  could  be  formed,  and 
might  contribute  to  the  good  electrocatalytic  activity  and  stability 
for  the  formic  acid  oxidation. 

In  order  to  confirm  the  existence  of  1,10-phenanthroline, 
the  as-prepared  Pd/phen-MWCNTs  and  pure  1,10-phenanthroline 
monohydrate  were  analyzed  by  TGA  under  the  protection  of  N2 
at  a  heating  rate  of  10°  min-1  from  30  to  700  °C.  The  obtained 
TGA  curves  are  shown  in  Fig.  3.  The  TGA  curve  of  the  pure 
1,10-phenanthroline  monohydrate  shows  a  two-step  weight  loss 
(Fig.  3a).  The  first  step  (100-1 10  °C)  is  attributed  to  the  loss  of  the 
crystal  water.  The  second  step,  which  starts  at  250  °C  and  ends  at 


Fig.  3.  TGA  curves  of  pure  1,10-phenanthroline  monohydrate  (a)  and  as-prepared 
Pd/phen-MWCNTs  (b)  under  the  protection  of  N2. 


340  °C,  corresponds  to  the  degradation  of  1 ,1 0-phenanthroline.  It  is 
evident  that  1,10-phenanthroline  can  be  decomposed  completely. 
From  Fig.  3b,  the  TGA  curve  of  the  Pd/phen-MWCNTs  catalyst 
shows  the  same  process  of  weight  loss  compared  to  pure  1,10- 
phenanthroline  monohydrate.  Overall,  the  results  indicate  that  the 
phen-MWCNTs  are  successfully  prepared  and  the  content  of  phen  is 
about  8%. 


Fig.  2.  TEM  images  and  corresponding  size  distribution  of  the  Pd/AO-MWCNTs  catalysts. 


Z.  Bai  et  al.  /  Journal  of  Power  Sources  196  (201 1 )  6232-6237 


6235 


20/degrees 

Fig.  4.  XRD  patterns  of  the  as-prepared  Pd/phen-MWCNTs  (a)  and  Pd/AO-MWCNTs 
(b). 

Fig.  4  shows  the  XRD  patterns  of  the  as-prepared  Pd/phen- 
MWCNTs  and  Pd/AO-MWCNTs,  respectively.  Five  peaks  at  39.8°, 
46.3°,  67.6°,  81.9°  and  86.1°  are  characteristics  of  face-centered- 
cubic  (fee)  crystalline  Pd,  which  are  corresponding  to  the  facets 
(111),  (2  0  0),  (2  2  0),  (31  1)  and  (2  2  2),  respectively,  except  for 
the  characteristic  peak  of  the  MWCNTs  support  around  25°.  Obvi¬ 
ously,  different  functionalization  methods  of  the  MWCNTs  support 
have  no  significant  influence  on  the  crystalline  form  of  Pd  nanopar¬ 
ticles.  In  addition,  the  full  width  at  half  maximum  (FWHM)  of 
the  diffraction  peaks  of  the  Pd/phen-MWCNTs  is  wider  than  that 
of  the  Pd/AO-MWCNTs,  indicating  the  smaller  particle  size  of 
the  Pd  nanoparticles  supported  on  the  phen-MWCNTs.  This  is  in 
agreement  with  the  results  of  the  HR-TEM  and  size  distribution 
analysis. 

The  Raman  spectroscopy  was  used  to  study  the  surface  structure 
of  the  MWCNTs.  Fig.  5.  displays  the  Raman  spectra  of  AO-MWCNTs, 
pristine  MWCNTs,  and  phen-MWCNTs,  respectively.  The  peak  at  a.c. 
1360  cm-1  is  assigned  to  the  Aig  breathing  mode  of  the  disordered 
graphite  structure  (D  band),  while  the  high-frequency  peak  at  a.c. 
1590  cm-1  is  assigned  to  the  E2g  stretching  mode  of  the  graphite 
(G  band).  The  G  band  reflects  the  structure  of  the  sp2  hybridized 


Fig.  5.  Raman  spectra  of  (a)  AO-MWCNTs,  (b)  pristine  MWCNTs  and  (c)  phen- 
MWCNTs. 


carbon  atom.  Thus  the  extent  of  the  modification  or  defects  in 
MWCNTs  could  be  evaluated  by  the  intensity  ratio  of  the  D-  and 
G-bands.  The  JD/JG  ratio  is  0.98,  0.72,  and  0.59  for  AO-MWCNTs, 
pristine  MWCNTs,  and  phen-MWCNTs,  respectively.  A  clear  trend 
can  be  observed  that  the  AO-MWCNTs  have  the  largest  Jd//g  ratio. 
The  /D//G  ratio  of  the  phen-MWCNTs  is  similar  to  that  of  the  pristine 
MWCNTs,  indicating  that  the  immobilization  of  phen  on  the  side- 
walls  of  MWCNTs  has  no  detrimental  effect  on  the  surface  structure 
of  CNTs.  In  contrast,  the  /d//g  ratio  of  AO-MWCNTs  is  much  higher 
than  of  the  pristine  MWCNTs,  indicating  that  the  harsh  acid  treat¬ 
ment  produces  carboxylic  acid  sites  on  the  surface,  causing  severe 
structural  damage  of  MWCNTs.  In  comparison,  the  phen  function¬ 
alization  method  preserves  the  integrity  and  electronic  structure 
of  the  MWCNTs  and  provides  highly  effective  functional  groups 
on  the  surface  of  MWCNTs,  which  contribute  to  the  subsequent 
deposition  of  Pd  nanoparticles  with  a  much  more  uniform  size  and 
distribution. 

The  electrochemical  behavior  of  different  catalysts  were 
recorded  by  cyclic  voltammetry  (CV)  measurement,  which  was 
performed  in  0.5  M  FI2SO4  electrolyte  at  a  scan  rate  of  20mVs-1. 
Fig.  6  shows  the  cyclic  voltammograms  obtained  with  CO  adsorbed 
onto  the  catalysts  (solid  curves)  and  without  CO  adsorbed 
(dashed  curves),  of  the  as-prepared  Pd/phen-MWCNTs  and  Pd/AO- 
MWCNTs,  respectively.  Obviously,  the  hydrogen  adsorption  peak  of 
the  Pd/phen-MWCNTs  is  larger  than  that  of  the  Pd/AO-MWCNTs, 


Fig.  6.  Cyclic  voltammograms  for  the  oxidation  of  preadsorbed  CO  of  the  as- 
prepared  catalysts  from  (a)  Pd/phen-MWCNTs  and  (b)  Pd/AO-MWCNTs  on  glassy 
carbon  electrode  in  0.5  M  H2S04  aqueous  solution  with  a  scan  rate  of  20  mV  s_1  at 
25  °C.  Dashed  curves  were  CVs  for  these  electrodes  without  COad. 
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Fig.  7.  Cyclic  voltammograms  of  (a)  Pd/phen-MWCNTs  and  (b)  Pd/AO-MWCNTs  on 
glassy  carbon  electrode  in  0.5  M  H2SO4  + 1  M  HCOOH  aqueous  solution  with  a  scan 
rate  of  50  mV s_1  at  25  °C. 


Time/s 


Fig.  8.  Chronoamperometric  curves  of  (a)  Pd/phen-MWCNTs  and  (b)  Pd/AO- 
MWCNTs  on  glassy  carbon  electrode  in  0.5  M  H2SO4  + 1  M  HCOOH  aqueous  solution 
at  a  potential  of  0.1  V. 


indicating  that  the  Pd/phen-MWCNTs  has  a  higher  electrocatalytic 
activity.  The  corresponding  EAS  of  the  catalyst  was  obtained  from 
Eq.(l)  [21,22]: 


where  Q.  is  the  charge  of  CO  desorption-electrooxidation  in  micro¬ 
coulomb  (|xC),  G  represents  the  total  amount  of  Pd  (jig)  on  the 
electrode,  and  420  is  the  charge  required  to  oxidize  a  mono- 
layer  of  CO  on  the  catalyst  in  [xCcm-2.  The  EAS  value  of  the 
Pd/phen-MWCNTs  catalyst  (37.6  m2  g-1)  is  much  larger  than  that 
of  the  Pd/AO-MWCNTs  catalyst  (1 5.7  m2  g-1 ),  leading  to  the  higher 
electrocatalytic  activity.  The  larger  EAS  of  the  Pd/phen-MWCNTs 
catalyst  might  be  attributed  to  the  smaller  size  and  better  disper¬ 
sion  of  the  Pd  nanoparticles. 

The  electrocatalytic  activities  for  the  formic  acid 
oxidation  of  the  as-prepared  electrocatalysts  were  analyzed 
by  CV  measurement  in  0.5  M  H2SO4  +  I  M  HCOOH  aqueous  solu¬ 
tion.  The  CV  curves  of  the  Pd/phen-MWCNTs  and  Pd/AO-MWCNTs 
catalyst  electrodes  are  displayed  in  Fig.  7.  Two  main  peaks  for 
the  formic  acid  oxidation  in  both  positive  and  negative  direction 
are  observed  at  the  both  electrodes.  Clearly,  the  maximum  peak 
current  density  of  the  Pd/phen-MWCNTs  catalyst  is  much  higher 
than  that  of  the  Pd/AO-MWCNTs  catalyst,  demonstrating  further 
the  higher  catalytic  activity  of  the  Pd/phen-MWCNTs  catalyst  than 
that  of  the  Pd/AO-MWCNTs  catalyst  for  the  formic  acid  oxidation. 
Furthermore,  comparing  with  the  previous  data,  the  electrocat¬ 
alytic  activity  and  utilization  efficiency  of  the  Pd/phen-MWCNTs 
catalyst  has  increased  significantly  [8,9,23]. 

In  order  to  compare  the  electrochemical  stability  of  the  as- 
prepared  catalysts  for  formic  acid  oxidation,  chronoamperometry 
tests  were  carried  out  in  0.5  M  H2S04  +  1M  HCOOH  aqueous 
solution  at  0.1  V  for  7000  s  (shown  in  Fig.  8).  Evidently,  the  Pd/phen- 
MWCNTs  catalyst  shows  much  higher  anodic  currents  and  much 
slower  degradation  in  currents,  demonstrating  better  activity  and 
stability  than  that  of  the  Pd/AO-MWCNTs  catalyst  under  the  same 
conditions. 

4.  Conclusions 

In  conclusion,  the  Pd/phen-MWCNTs  catalyst  for  the  oxida¬ 
tion  of  formic  acid  has  been  prepared  through  a  facile  chemical 
reduction  method  at  room  temperature.  Herein,  phen  makes 


a  strong  impact  on  the  electrocatalytic  activity  of  the  cat¬ 
alyst  through  the  functionalization  of  the  MWCNTs  and  the 
formation  of  the  active  Pd-N  sites.  Therefore,  the  dispersivity 
and  the  ESA  of  the  Pd  nanoparticles  are  obviously  enhanced 
in  the  presence  of  phen,  resulting  in  better  electrocatalytic 
activity  and  utilization  efficiency  of  the  catalyst.  Thus,  the  as- 
prepared  Pd/phen-MWCNTs  should  be  a  good  candidate  catalyst 
for  DFAFC. 
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